In Arabidopsis thaliana, small interfering RNAs (siRNAs) generated by two Dicer isoforms, DCL3 and DCL4, function in distinct epigenetic processes, i.e. RNA-directed DNA methylation and post-transcriptional gene silencing, respectively. Plants often respond to their environment by producing a distinct set of small RNAs; however, the mechanism for controlling the production of different siRNAs from the same dsRNA substrate remains unclear. We established a simple biochemical method to visualize the dsRNAcleaving activities of DCL3 and DCL4 in cell-free extracts prepared from Arabidopsis seedlings. Here, we demonstrate that different nutrient statuses of a host plant affect the post-translational regulation of the dicing activity of DCL3 and DCL4. Phosphate deficiency inhibited DCL3, and the activity of DCL3 was directly activated by inorganic phosphate. Sulfur deficiency inhibited DCL4 but not DCL3, and the activity of DCL4 was recovered by supplementation of the cell-free extracts with reductants containing a thiol group. Immunopurified DCL4 was activated by recombinant Arabidopsis thioredoxin-h1 with dithiothreitol. Therefore, DCL4 is subject to redox regulation. These results demonstrate that post-translational regulation of DCL activities fine-tunes the balance between branches of the gene silencing pathway according to the growth environment.
Introduction
RNA silencing is a crucial mechanism for regulating gene expression in most eukaryotes; it acts at both transcriptional and post-transcriptional levels, and small RNAs of 20-30 nucleotides (nt) in length play pivotal roles. Dicers or Dicer-like (DCL) proteins produce small RNAs from long double-stranded RNA (dsRNA) precursors. The model plant Arabidopsis thaliana has four distinct Dicer-like proteins (DCL1-DCL4), and their functions have mainly been characterized from genetic studies using mutants of each DCL gene (Bologna and Voinnet 2014) .
DCL1 produces microRNAs (miRNAs) from pre-miRNA transcripts containing stem-loop structures, and most miRNAs have crucially important functions in plant growth and development (Park et al. 2002, Kurihara and Watanabe 2004) . Consequently, knockout mutants of DCL1 are embryonic lethal (Schauer et al. 2002) . The other three DCLs (DCL2-DCL4) produce small interfering RNAs (siRNAs) with specific sizes of 22, 24 and 21 nt, respectively, from long, perfect dsRNA precursors (Xie et al. 2004 , Henderson et al. 2006 . Both DCL3 and DCL4 have important functions in vivo. The products of DCL3, 24 nt siRNAs, function in transcriptional gene silencing (TGS) via RNA-directed DNA methylation (RdDM) to suppress the activation of transposons. On the other hand, the products of DCL4, 21 nt siRNAs, function in post-transcriptional gene silencing (PTGS) or RNA interference (RNAi) via sequence-specific mRNA cleavage or translational inhibition to regulate gene expression and defend against viral infections (Bologna and Voinnet 2014) .
In addition to the functions of miRNAs in plant growth and development, many miRNAs are involved in various biotic and abiotic stress responses (Jones-Rhoades and Bartel 2004, Sunkar and Zhu 2004) . The important roles of several miRNAs under conditions of nutrient deficiency have been reported. For instance, miR395, miR398 and miR399 are up-regulated under conditions of sulfur (S), copper (Cu) and phosphate (Pi) deficiency, respectively (Hsieh et al. 2009 ). These miRNAs regulate genes that are involved in ion homeostasis.
Phosphorus is an essential nutrient for plants, and Pi is a building block for nucleotides, nucleic acids and phospholipids. Because Pi deficiency causes serious symptoms in plants, Pi is one of the most important fertilizers alongside nitrogen (N) and potassium (K). miR399 is up-regulated under conditions of Pi deficiency, and it regulates Pi homeostasis by controlling the expression of PHO2 encoding a ubiquitin-conjugating E2 enzyme, UBC24 (Bari et al. 2006) . Furthermore, it has been reported that Pi starvation enhances post-transcriptional chalcone synthase (CHS) gene silencing in the Petunia corolla (Hosokawa et al. 2013) .
Sulfur is also an essential macronutrient for plants, and it is available in the form of sulfate in soil. Sulfate is assimilated into an amino acid, cysteine, which is a key molecule in protein synthesis and the formation of low molecular weight S-containing compounds, such as glutathione (Marschner 1995) . S deficiency affects the redox status in plant cells and induces oxidative stress, because a tripeptide glutathione (GSH) is one of the most important molecules for regulating the cellular redox state (Foyer and Noctor 2011) . S deficiency induces the expression of miR395, which is involved in S assimilation and allocation by modulating the activity of ATP sulfurylase and restricting the spatial expression of a sulfate transporter (Kawashima et al. 2011) . Therefore, miRNAs actually function in regulating the expression of genes involved in Pi and S homeostasis in vivo.
We have established a simple biochemical method for simultaneously detecting the dsRNA-cleaving activities of DCL3 and DCL4 in crude extracts of 2-week-old Arabidopsis seedlings (Fukudome et al. 2011 , Nagano et al. 2014 . The advantages of this method over other Dicer assays using recombinant proteins include: (i) the ability to characterize simultaneously the activities of two Dicer-like proteins, DCL3 and DCL4; (ii) the ability to characterize the activities of these Dicers in various tissues and at different developmental stages; and (iii) the ability to characterize Dicer activities in plants exposed to various stresses. Here, by using this method, we examined whether nutrient deficiency affects the activities of both DCL3 and DCL4. The dsRNA-cleaving activities of DCL3 and DCL4 in crude extracts prepared from seedlings that were exposed to nutrient deficiency were examined to determine whether Pi or S deficiency affected the Dicer activities. Further biochemical analyses were also performed using DCL3 and DCL4 purified by an immunoprecipitation method as an enzyme fraction to examine the molecular mechanism behind the regulation of the dsRNA-cleaving activities of DCL3 and DCL4. We found that DCL3 and DCL4 are regulated by inorganic phosphate and the redox state, respectively.
Results
Nutrient deficiency affects the dsRNA-cleaving activities of DCL3 and DCL4
The dsRNA-cleaving activities of DCL3 and DCL4, namely the production of 24 and 21 nt small RNAs, respectively, can be easily and simultaneously detected in crude extracts prepared from Arabidopsis seedlings by our Dicer (dicing) assay method (Fukudome et al. 2011 , Nagano et al. 2014 . These small 24 and 21 nt RNAs function in RdDM and in RNAi (PTGS), respectively, and they may be involved in biotic and/or abiotic stress responses in plants. We hypothesized that these two Dicers are involved in stress responses induced by nutrient deficiency.
We examined whether nutrient deficiency affects the dsRNA-cleaving activities of DCL3 and DCL4 in Arabidopsis plants, because we can easily examine their activities in crude extracts prepared from Arabidopsis seedlings grown under conditions of nutrient deficiency. We performed the dsRNA-cleaving (dicing) assay (Dicer assay) using crude extracts that were prepared from 2-week-old seedlings grown under conditions of nutrient deficiency for seven nutritional elements (Fig. 1A) . The production of the 24 nt RNA by DCL3 decreased in the crude extracts of Pi-deficient seedlings, whereas the production of the 21 nt RNA by DCL4 decreased in the crude extracts of Sor N-deficient seedlings (Fig. 1A) . We further characterized these phenomena in detail.
The effects of nutrient deficiency on the gene expression of DCL3 and DCL4 were examined by quantitative real-time PCR (qRT-PCR). The levels of DCL3 mRNA in N-or S-deficient seedlings decreased by half and that of DCL4 mRNA in Pi-deficient seedlings doubled (Fig. 1B) . The changes in dsRNA-cleaving activities (Fig. 1A) were more obvious than the changes in mRNA levels (Fig. 1B) . In particular, with S deficiency, the level of DCL4 mRNA did not change (Fig. 1B) , but its dsRNAcleaving activity was no longer detected (Fig. 1A) . Therefore, we inferred that the activities of DCL3 and/or DCL4 are post-transcriptionally regulated by an unknown mechanism(s), which is affected by nutrient deficiency. We tried to elucidate this unknown mechanism(s).
Comparable DCL3 and DCL4 activities between Pior S-deficient seedlings and normal seedlings First, we hypothesized that the protein synthesis of DCL3 and DCL4 may be affected by N and/or S deficiency, because N and S are indispensable for the biogenesis of proteinic amino acids. Moreover, crude extracts constitute three-quarters (15 ml/ 20 ml) of the reaction mixture in our Dicer assay method, as shown in Fig. 1A (see the Materials and Methods), and it is possible that some unknown molecules (metabolites) that accumulate during nutrient deficiency may negatively affect the activity of DCL3 and/or DCL4 in the crude extracts. To clarify this inference, we purified the DCL3 or DCL4 from the crude extracts by immunoprecipitation with an anti-DCL3, an anti-DCL4 or an anti-DRB4 (dsRNA-binding protein 4) antibody and then carried out the Dicer assays using these immunoprecipitates (Fig. 2) . DCL4 was purified by using either the anti-DCL4 or the anti-DRB4 antibody, because DCL4 is associated with DRB4 (Nakazawa et al. 2007 , Fukudome et al. 2011 .
The 21 nt RNA-producing activity of DCL4 purified from the S-or Pi-deficient seedlings was similar to that from normal seedlings ( Fig. 2A, B ), but this activity was not detected in Ndeficient seedlings (Fig. 2C) . These results indicate that the concentration of the DCL4 protein had not changed in the Pi-or S-deficient crude extracts, but it had been almost completely abolished in the N-deficient crude extracts. It is unknown why the DCL3 activity decreased significantly, but still remained detectable, with N deficiency. Unfortunately we could not detect DCL3 and DCL4 proteins from crude extracts by Western blot analysis. Taken together with the results shown in Fig. 1 , changes in DCL4 activity in the crude extracts of Pi-or S-deficient seedlings may be caused by the accumulation of an unknown molecule(s) (metabolite) or by post-translational modification of the DCL4 protein as a result of nutrient deficiency. In contrast, the decreased activity of DCL4 in N-deficient crude extracts may have resulted from a decrease in the amount of produced DCL4 protein. We focused on investigating the molecular mechanisms behind these effects on Dicer activities in Pi-or S-deficient crude extracts.
DCL3 is directly activated by inorganic phosphate in vitro
We characterized the effect of inorganic phosphate (KH 2 PO 4 ) on the activity of both Dicers. To examine the direct effect of inorganic phosphate on the dsRNA-cleaving activities of both DCLs, KH 2 PO 4 was added to crude extracts prepared from normal seedlings, and then Dicer assays were carried out. DCL3 activity was increased, but DCL4 activity was decreased, after the addition of KH 2 PO 4 to the crude extracts (Fig. 3A) . This result is consistent with our previous results (Nagano et al. 2014) . However, when a sufficient amount of 50 nt dsRNA (five times more than that used in Fig. 3A ) was used as the substrate, both DCL3 and DCL4 were activated by inorganic phosphate (Fig. 3B) . Phosphate was the most effective of the four tested anions (acids) in modulating the activity of both Dicers ( Supplementary Fig. S1 ). The effect of potassium is negligible because we have already reported that the effect of KCl on two DCL activities is similar to that of NaCl (Nagano et al. 2014) .
To confirm the direct effect of inorganic phosphate on the dsRNA-cleaving activities of DCL3 and DCL4, immunopurified DCL3 and DCL4 were used as enzyme fractions in Dicer assays. DCL3 and DCL4 were activated by approximately 5-fold and 3-fold, respectively, by the addition of KH 2 PO 4 to the reaction mixtures (Fig. 3C) . Consequently, competition between DCL3 and DCL4 for the same dsRNA substrate probably occurred in vitro, when the 50 nt dsRNA substrates were limited (Fig.  3A) . Since DCL3 activity was more enhanced than DCL4 activity in the presence of a relatively high concentration of inorganic phosphate (20-40 mM, which is similar to the concentration of physiological phosphate in a cell), the production of 21 nt RNA from 50 nt dsRNA by DCL4 was probably competed out by (A) Dicer (dicing) assays were performed using crude extracts that were prepared from 2-week-old Arabidopsis seedlings grown under nutrient deficiency for each of seven elements. DCL3 and DCL4 produced 24 and 21 nt RNAs, respectively, from 32 P-labeled 50 nt dsRNA with a 2 nt 3 0 overhang (Nagano et al. 2014 ). The cleavage products were analyzed by 15% denaturing PAGE. The concentrations of each nutrient in the media are indicated, and the compositions of the media are described in detail in Supplementary Table S1 . (B) The accumulation of DCL3 and DCL4 mRNAs in seedlings grown under nutrient deficiency was determined by qRT-PCR and normalized to ACTIN2 (ACT2). Error bars indicate the SDs of three biological replications.
DCL3 when both Dicers were present (Fig. 3A) . In contrast, the basal activity of DCL3 was lower than that of DCL4 in the absence of inorganic phosphate (0 mM), resulting in the production of the 21 nt RNA by DCL4 (Figs. 1A, 3A) .
The concentration of Pi in 2-week-old Arabidopsis seedlings, which were used for preparing crude extracts for the Dicer assay, was determined (Ames 1966) , and the results indicated that the phosphate concentration was decreased in seedlings grown on a Pi-deficient medium when compared with the concentration in normal seedlings (approximately 25 mM) ( Supplementary Fig. S2 ). This result suggests that a low phosphate concentration caused by a Pi-deficient medium may affect Dicer activities in vivo. A decrease in phosphate (KH 2 PO 4 ) concentration negatively affects both DCL3 and DCL4, but the negative effect is more severe on DCL3 than on DCL4 in vitro (Fig. 3C) . Since the amount of substrate dsRNAs may be limited in a cell, DCL3 and DCL4 are likely to compete with each other to cleave the same substrate dsRNAs of about 50 nt in length (as shown in Fig. 3A) , and Pi deficiency may negatively affect DCL3 more severely than DCL4 in vivo.
Recovery of DCL4 activity in crude extracts of Sdeficient seedlings by supplementation with reductants containing a thiol group
We tried to elucidate the molecular mechanism behind the inhibition of DCL4 due to S deficiency (Fig. 1A) . Magnesium ions and specific pH levels are critical for the enzymatic activities of most RNases, and since cellular pH and magnesium concentrations may be affected by S deficiency, the magnesium and pH dependency of the dsRNA-cleaving activities of DCL3 and DCL4 were analyzed ( Fig. 4; Supplementary Fig. S3A ). We found that these dependencies were different between DCL3 and DCL4. The activity of DCL4 in crude extracts of S-deficient seedlings was not recovered by the addition of magnesium ions or by a change in pH ( Fig. 4B; Supplementary Fig. S3B ).
Since Ohkama et al. (2002) previously demonstrated that the accumulation of cysteine and GSH, which contain a thiol (SH) group, decreases during S deficiency, we analyzed the cellular cysteine and GSH concentrations in 2-week-old Arabidopsis seedlings, grown on an S-deficient medium, that were used for preparing crude extracts for the Dicer assay (Fig.  1A) . The results indicated that the concentrations of these two cellular reductants, especially GSH, were markedly decreased during S deficiency ( Supplementary Fig. S4 ). We inferred that cellular reductants, such as cysteine and GSH, may be necessary for DCL4 activity. As such, we next examined DCL4 activity in the S-deficient crude extracts after the addition of amino acids, including cysteine, or reducing agents, including GSH. DCL4 activity was recovered by supplementation with reductants containing a thiol group, such as cysteine, GSH, dithiothreitol (DTT) and 2-mercaptoethanol (b-SH) (Fig. 4C) . These results suggested that DCL4 may be oxidized and lapse into an inactive form by an unknown oxidizing agent(s) generated by S deficiency in planta, but that an inactive (denatured) DCL4 in crude extracts could be reduced and recovered to an active form after the addition of reductants with a thiol group. In contrast, the production of 24 nt RNA by DCL3 was not affected by the addition of the reductants (Fig. 4C ).
DCL4 is activated by a thioredoxin with DTT
To examine the effect of reducing agents on the dsRNA-cleaving activities of DCLs more directly, immunopurified DCL3 and DCL4 from crude extracts, which contain various molecules, including proteins and metabolites, were examined for their dsRNA-cleaving activities in the presence or absence of DTT. Regardless of the presence of DTT during immunopurification, Fig. 2 The activities of DCL3 and DCL4 purified from Pi-or S-deficient seedlings are comparable with those from normal seedlings. Immunoprecipitates were isolated from Arabidopsis seedlings using an anti-DRB4, an anti-DCL4 or an anti-DCL3 antibody, and Dicer assays were performed as shown in Fig. 1 . Arabidopsis seedlings were grown on MS or nutrient-deficient media. MS, -S (A), -Pi (B) and -N (C) indicate MS, sulfur-deficient (0.017 mM K 2 SO 4 ), phosphate-deficient (0.01 mM KH 2 PO 4 ) and nitrogen-deficient (0.6 mM NH 4 NO 3 ) media, respectively. NC indicates the negative control (no immunoprecipitates). A faint band of 21 nt RNA was detected in lanes 7 and 8 and was probably due to a cross-reaction between anti-DCL3 antibody and DCL4.
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the dsRNA-cleaving activity of DCL3 was stably detected; in contrast, the activity of DCL4 was detected only in the presence of DTT (Fig. 5A) . Even the activity of DCL4 immunopurified from crude extracts that were prepared from normal seedlings grown on Murashige and Skoog (MS) medium was hard to detect in the absence of DTT (Fig. 5A, B) . The dsRNA-cleaving activity of DCL4, but not of DCL3, was completely dependent on DTT, suggesting that the activity of DCL4 is regulated by the redox status of the DCL4 protein.
Since GSH was more effective than DTT in recovering DCL4 activity in S-deficient crude extracts (Fig. 4C) , GSH was used for the reduction of DCL4 instead of DTT. However, GSH did not recover the activity of purified DCL4 (Fig. 5C) . Since crude extracts contain various proteins and cellular metabolites, the redox status of unknown proteins in the crude extracts may have been changed by the addition of GSH (Fig. 4C) . This change in redox status may have ultimately reduced DCL4 and induced its activity (Fig. 4C) .
Thioredoxins (Trxs) catalyze the reduction of various proteins and regulate their activities (Meyer et al. 2012) . For example, we previously demonstrated that recombinant Arabidopsis Trx-h1 reduces and reactivates oxidized cytosolic malate dehydrogenase (Hara et al. 2006 ). We therefore examined whether cytosolic Trx could reduce DCL4 and affect its activity. Dicer assays using immunopurified DCL4 with or without recombinant Arabidopsis Trx-h1 clearly indicated that 0 overhang was used as the substrate for the Dicer assay, and crude extracts diluted 5-fold were used in (B). Autoradiographs are shown on the left. The production of 21 nt RNA by DCL4 (gray squares) was calculated from the autoradiographs as the relative band intensity of 21 nt RNA in comparison with the total intensity of all bands in each lane, and the production of 24 nt RNA by DCL3 (black diamonds) was calculated using the same method (right). (C) Immunopurified DCL3 and DCL4 were used as enzyme fractions for the Dicer assays with various concentrations of KH 2 PO 4 buffer (pH 7.5).
recombinant Arabidopsis Trx-h1 enhanced the dsRNA-cleaving activity of purified DCL4 (Fig. 5D, E) . These results suggested that a Trx reduces DCL4 in vivo, and that its activity is regulated by the changes in redox status of DCL4.
The activity of DCL4 is positively affected by salicylic acid treatment Salicylic acid (SA) is a plant hormone that plays a critical role in plant defense responses against biotic and abiotic stresses. Mou et al. (2003) discovered that the exogenous application of SA could induce a biphasic (first oxidizing at 8 h and then reducing at 24-48 h) fluctuation in the cellular redox state, as measured by GSH/glutathione disulfide (GSSG). One day after the application of SA, GSH had accumulated. Therefore, we hypothesized that the exogenous application of SA would affect DCL4 through a change in redox status by the accumulation of GSH. Crude extracts were prepared from seedlings 1 d after the application of SA, and their Dicer activities were examined. Fig. 4 The activity of DCL4 in crude extracts of S-deficient seedlings is recovered by supplementation with reductants containing a thiol group. (A and B) The pH dependencies of DCL3 and DCL4 activities were analyzed. Dicer assays were performed with crude extracts of seedlings grown on MS medium (A) or S-deficient (0.017 mM K 2 SO 4 ) medium (B) in reaction mixtures at various pH levels. Autoradiographs are shown on the left, and the production of 21 nt RNA by DCL4 (gray squares) and 24 nt RNA by DCL3 (black diamonds) was calculated as described in Fig. 3 and shown on the right. The values in (A) are the means ± SD of three independent experiments. (C) Crude extracts were prepared from 2-week-old seedlings grown on an S-deficient medium containing 0.017 mM K 2 SO 4 , which is 1/100 of the K 2 SO 4 concentration found in normal MS medium. Amino acids (left) or reducing reagents (right) were added to the reaction mixtures of the Dicer assay (final concentration, 10 mM). ASC, ascorbic acid; DTT, dithiothreitol; GSH, glutathione; NADH, nicotinamide adenine dinucleotide; b-SH, 2-mercaptoethanol; C, no addition; NC, negative control (no crude extracts).
The results indicated that the DCL activities in the crude extracts, especially DCL4 activity, were positively affected by SA treatment (Fig. 6A, B) . The expression level of the SA-responsive pathogenesis-related 1 (PR1) gene was markedly increased by SA treatment, but those of the DCL3 and DCL4 genes were not (Fig. 6C, D) . Therefore, the induction of DCL4 activity by SA treatment is probably due to the accumulation of GSH, which in turn enhances DCL4 activity.
Small RNA accumulation in nutrient-deficient seedlings
We tried to examine whether nutrient deficiency affects the accumulation of 21 and 24 nt siRNAs in vivo that are produced by DCL4 and DCL3, respectively. Northern hybridization was carried out to examine the accumulation of 21 and 24 nt siRNAs in Pi-, Sor N-deficient seedlings. As shown in Supplementary Fig. S5 , the accumulation of both 21 and 24 nt small RNAs was significantly ) DTT is necessary for the dsRNA-cleaving activity of purified DCL4. Immunoprecipitates containing DCL3 or DCL4 were purified from normal crude extracts using anti-DCL3 or anti-DCL4 antibody, respectively. Two types of immunoprecipitates were prepared using a wash buffer with (+) or without (-) 5 mM DTT and used in the Dicer assays. (B) DCL4 is reversibly activated by the addition of DTT. Immunoprecipitates purified using anti-DCL4 antibody were prepared by washing four times with a wash buffer with (+) or without (-) 5 mM DTT, and then Dicer assays were performed. (C) GSH did not directly activate purified DCL4. Immunoprecipitates, including DCL4, were prepared using a wash buffer with 5 mM DTT or 5 mM GSH, and then Dicer assays were performed. (D) Thioredoxin enhances the dsRNA-cleaving activity of purified DCL4 with DTT. Immunopurified DCL4 was pre-incubated with various concentrations of DTT with or without 1 mM Arabidopsis thioredoxin-h1 (Trx-h1) at 22 C for 1 h, and then Dicer assays were carried out for 2 h. Autoradiographs are shown. (E) The production of 21 nt RNA from 50 nt dsRNA by DCL4 was calculated from the autoradiographs shown in (D). The values in (E) are the means ± SE of three independent experiments. *P < 0.05, Student's t-test.
changed, and, surprisingly, the accumulation of U6 RNA, which was used as an internal control RNA, was also changed. Therefore, nutrient deficiency affects the accumulations of both U6 RNA and small RNAs in planta. The accumulation of small RNAs in vivo must be regulated by many factors, such as precursor single-stranded RNA synthesis by an RNA polymerase, precursor dsRNA synthesis by an RNA-dependent RNA polymerase (Xie et al. 2004) , dsRNA cleavage by Dicer (Xie et al. 2004) , methylation of small RNA by HEN1 (Park et al. 2002) , degradation of small RNAs by a small RNA-degrading nuclease (Ramachandran and Chen 2008) , dsRNA-binding proteins (Han et al. 2004) , and Argonaute, which loads and protects small RNA (Azevedo et al. 2010) . Nutrient deficiency must affect all factors, and Dicer (DCL) is one of these factors. The result ( Supplementary Fig. S5 ) suggests that Dicer activity is one of the determinant factors for small RNA biogenesis in vivo, and other factors (proteins) must also play important roles for biogenesis and stability (degradation) of small RNAs. A mechanism that alleviates the effect of nutrient deficiency on small RNA production by DCLs might exist in vivo.
Discussion
Our Dicer (dicing) assay described herein is a simple and useful method for detecting the activities of two distinct Dicers, DCL3 and DCL4 (Fukudome et al. 2011 , Nagano et al. 2014 . This assay allowed the direct detection of the activities of both Dicers in crude extracts prepared from plants exposed to environmental stresses, allowing examination of the effects of environmental stresses on the two Dicers. Biochemical analyses of the activities of the two Dicers in crude extracts of plants exposed to nutrient deficiency and of two immunopurified DCLs revealed that DCL3 is directly activated by inorganic phosphate (Fig. 3) , and that DCL4 is regulated by the redox state (Fig. 5) .
Drosophila melanogaster has two Dicers: Dicer-1 produces miRNAs from pre-miRNAs, whereas Dicer-2 generates siRNAs from long dsRNAs (Lee et al. 2004 ). Inorganic phosphate inhibits Dicer-2 from binding and cleaving pre-miRNAs without affecting the processing of long dsRNAs (Cenik et al. 2011 , Fukunaga et al. 2014 . Here, we demonstrated that inorganic phosphate enhances DCL3 activity (Fig. 3) . However, why inorganic phosphate inhibits insect Dicer-2, but activates plant DCL3 remains to be elucidated. Two independent groups recently described dynamic changes in global DNA methylation patterns in both rice and Arabidopsis plants that had been deprived of phosphate (Secco et al. 2015 , Yong-Villalobos et al. 2015 . Here, we demonstrate that phosphate deficiency in Arabidopsis plants negatively affects the dicing activity of DCL3 that produces 24 nt siRNAs and is involved in RNA-directed DNA methylation. Our biochemical data showing that phosphate deficiency affects DCL3 activity are consistent with phosphate starvation-induced changes in global DNA methylation patterns.
Sulfur-induced resistance (SIR), also known as S-enhanced defense (SED), in Nicotiana tabacum is correlated with GSH metabolism during infection with Tobacco mosaic virus (Höller et al. 2010) . The discovery of several mutants with a defect in the genes for GSH biosynthesis demonstrated that an adequate amount of GSH is important for the accumulation of resistance-related compounds against various pathogens Ausubel 1994, Parisy et al. 2007 ) and for the expression of defense genes (Dubreuil-Maurizi et al. 2011) . One of the molecular mechanisms underlying SIR/SED is probably the maintenance of an enhanced DCL4 activity via a sufficient S supply for enhancing GSH biogenesis, because it is well established that DCL4 is involved in the defense against virus infections (Qu et al. 2008 , Garcia-Ruiz et al. 2010 .
The cellular redox status is very important for defense (immunity) signaling against pathogens (Tada et al. 2008, Spoel and Loake 2011) . For instance, some proteins, such as S-nitrosoglutathione reductase 1 (GSNOR1) and Trx-h5, which function in maintaining the cellular redox status, are involved in host defenses against various pathogens (Feechan et al. 2005 , Lorang et al. 2012 ). In particular, NPR1 is the master immune regulator and redox sensor (Mou et al. 2003 , Tada et al. 2008 . SA treatment reduces NPR1, which in turn activates systemic acquired resistance (SAR) to produce PR and defense-related proteins. Here, we reported the redox regulation of DCL4 and the enhancement of DCL4 activity by SA treatment. Taken together, we speculate that the recognition of a pathogen infection in plants simultaneously activates SAR via the reduction of NPR1, and PTGS via the activation of DCL4. Therefore, plants probably orchestrate the activation of SAR and PTGS via the redox states of two key proteins (NPR1 and DCL4) for defense against pathogen infections. Drosophila and human Dicers have been extensively studied biochemically, and although their enzymatic properties have been demonstrated, the redox regulation of Dicer activity has never been reported in any eukaryote. Therefore, the novel discovery of the redox regulation of DCL4 in this study is noteworthy. Because redox is a ubiquitous chemical process that regulates the activities of many proteins, it is likely that redox regulation of Dicers may be found in other organisms in the near future.
Both DCL3 and DCL4 have important functions in vivo. The products of DCL3, 24 nt siRNAs, function in TGS via RdDM, and those of DCL4, 21 nt siRNAs, function in PTGS or RNAi. Our previous biochemical study revealed that the substrate specificities of DCL3 and DCL4 differ markedly in vitro: DCL3 preferentially cleaves short dsRNAs with a 5 0 -phosphorylated adenosine or uridine and a 1 or 2 nt 3 0 overhang, whereas DCL4 cleaves long dsRNAs with blunt ends (Nagano et al. 2014) . Recently, Zhai et al. (2015) demonstrated that RNA polymerase IV-dependent RNAs are only of the order of 30-40 nt in length in vivo and suggested a 'one precursor, one siRNA' model for the biogenesis of 24 nt siRNAs. Their results are consistent with our biochemical data suggesting that DCL3 preferentially cleaves short dsRNAs of 30-50 nt in length with a 5 0 -adenosine (Nagano et al. 2014 ). These two plant Dicers have different optimal NaCl concentrations (Nagano et al. 2014 ) and also different optimal pH levels (Fig. 4) . Furthermore, these two Dicers, DLC3 and DCL4, are differentially regulated by a universal small molecule (inorganic phosphate) and a ubiquitous chemical process (redox state), respectively, in vitro (Fig. 7) . The distinct substrate specificities and different regulatory mechanisms for these two plant siRNA-generating Dicers ensure that siRNAs of a specific length are produced; these siRNAs trigger unique siRNA-mediated responses, either DNA methylation (RdDM) or RNA cleavage (RNAi). Therefore, the post-translational regulation of DCL activities fine-tunes the balance between branches of the gene silencing pathway according to the growth environment.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana (ecotype Columbia) plants were grown on MS or modified MS medium in a controlled growth chamber under the following conditions: 40-50 mmol photons m -2 s -1 irradiance; a 16 h light and 8 h dark cycle; and a temperature of 22 C after 3 d at 4 C. The nutrient compositions of the MS and modified MS media are shown in Supplementary Table S1 .
Seeds of dcl3-1 (SALK_005512) and dcl4-2 (GABI 160G05) were kindly provided by the Arabidopsis Biological Resource Center (ABRC; USA) and the Genomanalyse im Biologischen System Pflanze (Germany), respectively.
Crude extract preparation
Two-week-old Arabidopsis seedlings were collected and homogenized in 3 ml g -1 of extraction buffer containing 20 mM Tris-HCl (pH 7.5), 4 mM MgCl 2 , 5 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg ml -1 leupeptin and 1 mg ml -1 pepstatin A at 4 C. Homogenates were centrifuged twice at 20,000Âg at 4 C for 10-15 min to remove debris, and the supernatant (crude extract) was collected as an enzyme fraction for the Dicer (dicing) assay (Fukudome et al. 2011 , Nagano et al. 2014 ).
Antibodies and immunoprecipitation
Anti-DRB4 and anti-DCL4 antisera were as described previously (Nakazawa et al. 2007 ). An anti-DCL3 antiserum was also prepared by a similar method using the recombinant C-terminal region (133 amino acid residues) of DCL3 as an antigen. Immunoprecipitates were prepared essentially as described by Qi et al. (2005) , except for the use of crude extracts of 2-week-old seedlings. Crude extracts (0.1-0.2 ml) were pre-cleared by incubation with 5-10 ml of Protein ASepharose (GE Healthcare Japan) at 4 C for 30 min. The pre-cleared extracts were then incubated with 1 ml of antiserum and 10 ml of Protein A-Sepharose at 4
C for 2 h with rotation. The immunoprecipitates were washed with extraction buffer three (Figs. 2, 5A , D) or four (Fig. 5B, C) times for 20 min each by rotation.
Preparation of dsRNA
The preparation of the 32 P-end-labeled dsRNAs of 50 nt with a 2 nt 3 0 overhang was as described previously (Nagano et al. 2014) . Briefly, single-stranded RNAs were synthesized by Japan Bio Services Co. and end-labeled by T4 polynucleotide kinase (TAKARA) with [g-32 P]ATP. Equal amounts of 32 P-labeled sense RNA of 50 nt (1.0 pmol) and antisense RNA of 52 nt were annealed to prepare 50 nt dsRNA with a 2 nt 3 0 overhang.
Dicer (dicing) assay
A 1 ml aliquot of 32 P-labeled dsRNAs (final concentration of approximately 0.5 nM) was incubated with 15 ml of crude extracts or immunoprecipitates at 22 C in 20 ml of dicing buffer containing 30 mM Tris-HCl (pH 7.5), 50 mM NaCl, 4 mM MgCl 2 and 5 mM ATP with 0.1 ml of an RNase inhibitor (TAKARA). After incubation, the cleavage products were purified by phenol/chloroform, precipitated by ethanol, separated by 15% denaturing PAGE with 8 M urea, and detected by autoradiography (Nagano et al. 2014) . The relative band intensities of the small RNA products were quantified by a Typhoon FLA 7000 image analyzer (GE Healthcare). The dsRNA-cleaving activity of DCL4 was calculated as the relative band intensity of the 21 nt RNA in comparison with the total intensity of all bands in each lane; the activity of DCL3 was also calculated using the same method.
Quantitative real-time PCR (qRT-PCR)
Total RNAs were isolated from approximately 100 mg of Arabidopsis seedlings by TRIzol Reagent (Invitrogen) according to the manufacturer's protocol. cDNAs were produced from approximately 500 ng of total RNAs by a PrimeScript RT-PCR Kit with gDNA Eraser (TAKARA), and qRT-PCR was performed by a Thermal Cycler Dice Real Time System with a SYBR Primer-Ex Taq II kit (TAKARA). The primers for qRT-PCR are listed in Supplementary Table S2 Fig. 7 Graphical abstract. DCL3 is activated by inorganic phosphate, and DCL4 is regulated by the redox state.
Quantification of the inorganic phosphate concentration
The concentration of inorganic phosphate in Arabidopsis seedlings was determined by the method described by Ames (1966) . A 10 mg (FW) aliquot of 2-week-old Arabidopsis seedlings was ground with liquid nitrogen and then suspended in 200 ml of an extraction buffer [10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 100 mM NaCl, 1 mM b-SH and 1 mM PMSF]. A 100 ml aliquot of this mixture was mixed with 900 ml of 1% acetate, incubated at 42 C for 30 min and then centrifuged at 13,000Âg for 5 min. Next, 600 ml of the supernatant was mixed with 1.4 ml of assay solution (0.35% NH 4 MoO 4 , 0.43 M H 2 SO 4 and 1.4% ascorbic acid), and incubated at 42 C for 30 min. Absorbance was then measured at 820 nm with a spectrophotometer.
Quantification of cysteine and glutathione concentrations
The cysteine and GSH contents were determined by monobromobimane (Sigma-Aldrich Japan) labeling of thiols after reduction of the extracts as described by Minocha et al. (2008) . Two-week-old Arabidopsis seedlings were ground with liquid nitrogen and then suspended with 5 ml g -1 FW of 0.1 M HCl. The supernatant was labeled with monobromobimane. The labeled products were then separated by HPLC using a Shim-Pac FC-ODS column (150Â4.6 mm; Shimadzu) and detected with a RF-10AXL scanning fluorescence detector (Shimadzu) to monitor the fluorescence of thiol-bimane adducts at 478 nm under excitation at 390 nm.
Preparation of recombinant thioredoxin-h1
Recombinant Trx-h1 was prepared as described previously (Hara et al. 2006 ).
Salicylic acid treatments
SA treatments were applied using foliar sprays. SA (2 mM) was sprayed onto 2-week-old Arabidopsis seedlings, which were harvested at 24 h after treatment for the Dicer assay and qRT-PCR. The PR1 gene (At2g14610) was used as a marker gene for SAR induction by SA treatment.
Supplementary data
Supplementary data are available at PCP online. 
